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Semiconductor materials form the basis of modern electronics, communication, data storage 
and computing technologies.  One of today’s challenges for the development of future 
technologies is the realization of devices that control not only the electron charge, as in present 
electronics, but also its spin, setting the basis for future spintronics.  Spintronics represents the 
concept of the synergetic and multifunctional use of charge and spin dynamics of electrons, 
aiming to go beyond the traditional dichotomy of semiconductor electronics and magnetic 
storage technology.  The most direct method to induce spin-polarized electrons into a 
semiconductor is by introducing appropriate transition metal or rare earths dopants producing a 
dilute magnetic semiconductor (DMS).  At the same time the seamless integration of future 
spintronic devices into nanodevices would require the fabrication 1-D DMS nanostructures in 
well defined architechtures.  In this review we focus on recent advances in the synthesis of DMS 
nanowires as well as discuss the structural, optical and magnetic properties of these materials. 
KEYWORDS: Diluted magnetic Semiconductors, Nanowires, Spintronics. 
 
Introduction 
Semiconductor materials are an integral part of modern electronics, communication, data storage 
and computing technologies.  Two conditions form the basis of these technologies: precise 
control and manipulation of electric charge transport in semiconductors, and the ability to use 
these materials for efficient generation and detection of light.  One of today’s challenges for the 
development of future technologies is the realization of devices that control not only the electron 
charge, as in present electronics, but also its spin, setting the basis for future spintronics.  
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Spintronics represents the concept of the synergetic and multifunctional use of charge and spin 
dynamics of electrons, aiming to go beyond the traditional dichotomy of semiconductor 
electronics and magnetic storage technology.  Control over the electronic spin largely increases 
the information that the electron carries and therefore, opens up novel technological horizons.  
The electron spin is far less disturbed by the semiconductor environment than its other physical 
properties, such as the velocity and spatial position of the carriers.  The spin-coherence time, i.e. 
the time in which the spin loses its phase information, is therefore relatively long.  This is 
particularly important for future devices that will be based on the quantum properties of matter.  
The most direct method to induce spin-polarized electrons into a semiconductor is by 
introducing appropriate transition metal or rare earths dopants (such as Mn, Fe, Ni) at a level of a 
few percent, producing a dilute magnetic semiconductor (DMS).[1-4].  Extensive research has 
been carried out in order to create DMS materials with well-established room temperature 
ferromagnetism.  Encouragingly, a Curie temperature, Tc, above room temperature was first 
theoretically predicted in GaN and ZnO hosts doped with Mn by the hole-mediated exchange 
interaction model [5] and later observed experimentally in thin film samples [6,7].  However, 
despite such promising results, most DMS materials are still struggling to reliably achieve the 
desired high Tc required for use in practical applications.  During the last few years high-
temperature ferromagnetism has been observed in a variety of wide bandgap semiconductors, 
including GaN, AlN, GaP, SiC, ZnO, etc., doped with the whole range of transition metals, such 
as Cr, Mn, Fe, Co, and Ni [8-12].  Conversely, room-temperature ferromagnetism in narrow band 
gap group IV semiconductors like Ge1-xMnx was not expected.  In particular, a Tc value of 80 K 
for Ge0.95Mn0.05 thin films has been calculated by Dietl et al.[5] using a Zener model.  Recently, 
effective pair exchange interactions in Ge1-xMnx have also been studied by ab-initio 
computational methods [13].  The authors showed that Tc is dependent on the Mn concentration, 
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being up to 175 K at a Mn concentration of 3.5 %.  Experimentally it has been demonstrated that 
in epitaxial grown Ge1-xMnx films, Tc increases linearly with Mn concentration from 25 K to 116 
K [14], whereas bulk Ge0.94Mn0.06 single crystals have been reported to have a Tc of 285 K [15].  
Recently, it has been shown that co-doping Ge1-xMnx with an additional transition metal such as 
iron or cobalt, causes a significant increases in both magnetic moment and Tc [16,17].  
Moreover, complementary doping using dopants from different groups of elements (e.g. Mn and 
Co in the Ge host) compensates effects of lattice strain caused by the doping species and may 
eventually lead to realization of highly doped magentoelectronic materials. 
 
The recent interest in chemically grown semiconductor nanowires arises from their versatility, 
which translates into a wide range of potential applications.  Many essential prototype devices 
have already been provided, such as elementary logic circuits [18] resonant tunneling diodes 
[19], light-emitting diodes [20], lasers [21] and chemical sensors [22].  For example, field-effect 
transistors based on 1D semiconductor heterostructures were recently demonstrated [23].  Such 
structures are fully compatible with conventional planar silicon electronics and extendable to the 
10 nm scale using crossed-nanowire architectures.  These achievements, together with the recent 
advance in synthesis techniques allowing assembly of group IV, II-VI and III-V nanowires hold 
great promise for the development of next-generation nanoelectronics and optoelectronics [24].  
Simultaneously, the high degree of freedom in nanowire growth and device engineering creates 
new opportunities for the fabrication of controlled 1D systems for low temperature applications 
and fundamental science.  Quantum confinement and single electron control have been achieved 
in a variety of single nanowire devices [25].  Incorporation of magnetic semiconductor 
nanowires within nanodevices will be the first step towards 3D architectures of novel spintronic 
micro-chips [23].  Furthermore, nanowires provide an excellent opportunity to study the role of 
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dimensionality and size on the magnetic properties of DMS materials.  In this review we focus 
on recent advances in the synthesis of DMS nanowires as well as discuss the structural, optical 
and magnetic properties of these materials. 
 
II-VI DMS nanowires 
II-VI semiconductor nanowires such as CdS, CdSe, and ZnS have been extensively studied due 
to their unique optical properties [26].  Doping such NWs with transition metal ions will, in 
particular, allow an additional control of their optical properties by the magnetic field.  The 
successful incorporation of transition metal ions such as Mn, within II-VI semiconductor 
nanowires was first reported by Froba, Klar and co-workers [27-29].  These nanowires were 
synthesised in the form of arrays within a MCM-41 mesoporous silica template by passing H2S 
gas over a mixture of Cd(OOCCH3) and  Mn(OOCCH3) adsorbed in the pores of the template.  
Electron paramagnetic resonance (EPR) results of these nanowires were comparable to those of 
exchange-coupled Mn2+ in chalcogenide mixed crystals.  X-ray diffraction (XRD) and Raman 
spectra collected at room temperature suggested that the Cd1-xMnxS nanowire arrays had a 
wurtzite crystal structure [28] while EPR data collected at 4 K suggested a zincblende like 
structure [27].  Moreover the EPR data indicated that with increasing Mn concentration, 1.5 % to 
5 %, the zincblende structure undergoes a phase transformation to form the wurtzite structure.  It 
should however be noted that electron structure calculations on CdS clusters have indicated that 
wurtzite and zincblende structures are almost energetically degenerate and thus formation of a 
particular crystal structure would be highly dependent on both the preparation process and the 
size of the nanostructure [30].  Extended x-ray absorption fine structure (EXAFS) measurements 
on Cd1-xMnxS nanowire arrays clearly indicated that Mn2+ ions occupied substitutional sites in 
the CdS host lattice, replacing the Cd2+ ions [29].  The photoluminescence (PL) results indicated 
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a blue-shift of more than 200 meV in the direct band-gap of the nanowires as compared to the 
bulk [29].  In addition an increase of the p-d exchange-induced band gap bowing as a function of 
Mn concentration was also observed.  This effect was attributed to the modified positions of the 
p and d-related bands in the band structure of the Cd1-xMnxS nanowire arrays.  Superconducting 
quantum interference device (SQUID) [29] and EPR measurements [27,29] indicated that the 
spin interactions between the S = 5/2 spins of the Mn2+ ions which lead to the transition from the 
paramagnetic to the spin-glass phase for 0.20 < x < 0.45 and to the transition from the 
paramagnetic to the anti-ferromagnetic phase for x > 0.8 in bulk Cd1-xMnxS are strongly 
suppressed in the nanowire arrays.  The strong reduction of anti-ferromagnetic coupling between 
Mn2+ spins was further confirmed by temperature dependent SQUID and EPR studies whereby 
there was no evidence of phase transitions down to 2 K, with the Curie Weiss parameter (Θ) in 
the paramagnetic region was observed to be more than a order of magnitude smaller than in bulk 
Cd1-xMnxS [29].  Zn1-xMnxS nanowires were similarly synthesised within mesoporous silica 
powders using Zn(OOCCH3) as a source of Zn ions [31].  EXAFS analysis suggested that the 
Mn2+ ions randomly substitute Zn2+ ions in the ZnS host lattice.  The authors have applied the 
above experimental procedure to form Cd1-xMnxS nanowire arrays within mesoporous silica thin 
films (MTF) [32]. 
 
Recently Na et al. have synthesised Cd1-xMnxS nanowires using a chemical vapour deposition 
(CVD) method where nanowire growth was seeded using Au nanoparticles deposited on a Si 
substrate [33].  Single crystalline nanowires with an average diameter of 80 nm were obtained 
using this method.  The nanowires exhibited either a [011] or a [010] growth direction as shown 
in figure 1.  It was observed that the substitution of the Cd2+ ion with a smaller radius Mn2+ ion 
resulted in a reduction of the lattice constants of CdS with increasing Mn ion concentration.  It 
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was observed from the PL data that the d-d (4T1  6A1) transition, which is responsible for the 
Mn2+ emission at around 2.15 eV, was greatly enhanced at temperatures below 80 K.  The decay 
time of this emission, as estimated from the time resolved PL spectrum, was observed to 
decrease from 1 ms for Cd0.9Mn0.1S nanowires to 0.55 ms for Cd0.7Mn0.3S nanowires.  The 
incorporation of Mn within CdS also significantly reduced the decay time for the band edge 
emission from 590 ps for CdS nanowires to 22 ps Cd0.7Mn0.3S nanowires.  The most significant 
and technologically important aspect of this work however, was the magneto-PL measurements 
which showed that it is possible to tune the optical properties of Cd1-xMnxS nanowires by 
applying a magnetic field.  It was observed that with an applied magnetic field of 7 T the Mn2+ 
emission is suppressed while the donor-acceptor emission was enhanced, which suggested that 
the excitation of Mn2+ involves an energy transfer process from the band excitons. 
 
Radovanovic and co-workers have developed a new general approach for the synthesis of Mn 
doped II-VI nanowires based on the metal nanoclusters-catalysed vapour-liquid-solid (VLS) 
method [34].  The authors first synthesised CdS and ZnS nanowires by employing a gold 
nanocluster-catalysed VLS growth method and using single source precursors such as 
Cd(S2CNEt2) and Zn(S2CNEt2).  A shell layer was grown over the nanowires using a mixture of 
Cd(S2CNEt2) and Mn2(CO)10 or Zn(S2CNEt2) and MnCO3 as precursors.  The doping 
concentration was varied by changing the Mn/Cd or Mn/Zn precursor concentration.  The shell 
growth was followed by annealing of the nanowires at 250 oC to obtain a uniform distribution of 
Mn ions within the nanowire.  Energy dispersive x-ray (EDX) measurements indicated that the 
Mn ions were distributed homogeneously throughout the nanowire and were not localised in an 




A halide-transport CVD method to synthesise Zn1-xMxS (M = Co, Mn, Cu) nanobelts and 
nanowires has been reported in which metal halides such as MnCl2, CoCl2 and CuCl2 are used as 
a source of dopant ions [35].  The reactions were carried out by heating zinc and sulphur 
powders along with a metal halide at temperatures between 700-850 oC in an inert atmosphere.  
The morphology of the nanomaterial depended on the Zn/M2+ ratio, for example 50-70 nm wide 
nanobelts with typical lengths in the range of ten to several hundreds of microns were formed 
when a Zn/Mn2+ ratio of 4:1 was used, while formation of both wire-like and ribbon-like 
nanostructures were observed at a Zn/Mn2+ ratio of 8:3.  However, when a Zn/Mn2+ ratio of 2:1 
was used, only nanowires with a diameter of 500 nm were observed.  It was thus shown that it 
may be possible to control the morphology of the product by controlling the amount of dopant 
ion used.  The change in morphology with Zn/Mn ratios are illustrated in figure 3.  The room 
temperature PL spectra of the nanobelt samples showed 2 peaks, one at 454 nm attributed to ZnS 
with a second at 572 nm which was attributed to the transition from 4T1  6A1 states within the 
Mn centre.  In the case of the pure nanowire samples the transition within the Mn centre was 
shifted to 574 nm.  The authors have attributed this small shift of 2 nm to either a possible MnS 
secondary phase formation where the Mn occupies an octahedral site instead of tetrahedral site 
or to a radiationless energy transfer in Mn clusters where an exchange mechanism leads to the 
excited Mn2+ ion which resonantly transfers its energy to its neighbours until a low energy centre 
is encountered.  Although these explanations cannot be discounted it is more than likely that a 





Oxide based DMS nanowires 
In addition to metal sulphides, metal oxide nanowires such as ZnO have also been doped with 
transition metals such as Mn [36], Co [37] and Ni [37] in order to form DMS materials.  Well-
defined doping and defect chemistries, suitability for transparent high-power high-temperature 
applications, and the ability to emit spontaneously at ultraviolet wavelengths combine to make 
ZnO attractive for many potential device applications.  For spintronic applications, the relatively 
long room-temperature spin-coherence time of n-type ZnO is advantageous [38].  Additionally, 
the potential to generate both p- and n-type ZnO of low resistivity makes bipolar spintronics 
based on ZnO a realistic possibility, and reports of both hole [39] and electron-mediated [40] 
ferromagnetism in ZnO DMSs are encouraging.  Zn1-xMxO (M= Mn, Co, Ni) nanowires have 
been synthesised using both high temperature CVD methods [36,41,42] as well as by low 
temperature solution phase methods such as electrodeposition techniques [37,43].  The magnetic 
properties of these materials are particularly interesting, for example whilst Mn doped ZnO 
nanowires exhibit a Curie temperature in the range of 37-44 K [36,41,42], doping with Co and 
Ni leads to nanowires which exhibit room temperature ferromagnetism [37,43].  It should be 
noted that Yu and co-workers did not find any evidence for the presence of Mn3O4, which has a 
Tc of 42 K, in spite of detailed XRD, EDX, Raman and PL measurements [36,41].  Generally, a 
high temperature (Tc>300 K) ferromagnetism in ZnO DMSs is intimately related to the 
electronic structures of the magnetic impurity ions as shown by an electronic absorption, 
magnetic circular dichroism and photocurrent action spectroscopies [44].  The opposite polarities 
predicted and observed for ferromagnetic Co2+:ZnO (n-type) and Mn2+:ZnO (p-type) are of 




It appears significant that while a relatively low temperature method such as electrodeposition 
has been used to synthesise Zn1-xCoxO nanowires, high temperature CVD methods have been 
used to synthesise Zn1-xMnxO nanowires.  Growth conditions are known to affect the structural 
properties of materials, for example high temperature methods usually yield highly crystalline 
materials compared to low temperature processes.  The distribution of dopant ions within the 
lattice is also likely to be affected by the synthesis process.  The difference in Tc between Zn1-
xCoxO and Zn1-xMnxO could be explained on the basis of different synthetic methods used.  
Although in order to test this hypothesis the synthesis of Zn1-xMnxO nanowires by low 
temperature methods such as electrodeposition is required as well as the synthesis of Zn1-xCoxO 
nanowires using high temperature CVD methods.  It is also quite likely that the difference in 
electronic configuration of the dopant ion i.e. d5 for Mn2+ as against d7 for Co2+ plays a role in 
determining the Tc of these nanowires. 
 
Recently the fabrication of a Co-doped TiO2 nanowire based field effect transistor (FET) has 
been reported [45].  Poly(3,4-ethylenedioxythiophene) (PEDOT) nanowires were used as 
suspended templates for the growth of sputter coated Co-doped TiO2 nanowires.  The nanowires 
were individually suspended between Nb electrodes as shown in figure 4.  Electrical transport 
measurements showed that a negative gate bias (Vg) reduces the current while a positive gate 
bias increases the current.  An increase of the channel current (Isd) at a positive gate voltage is a 
characteristic of an n-channel FET.  The Co-doped TiO2 nanowire based FET exhibited a 
relatively low transconductance (0.2 x 10-6 A/V) compared to other nanowire based FETs [46].  





A FET based on individual ZnO/Zn1-xCoxO core-shell nanocables has very recently been 
reported [47].  These n-type FET devices showed a negative magnetoreistance (MR) of 2.1 % at 
13 K and 1.1 % at 20 K.  At temperatures above 30 K no obvious change in resistance with 
magnetic field was observed. 
 
III-V DMS nanowires 
Theoretical studies based on Zener model calculations have predicted a Tc > 300 K for bulk Ga1-
xMnxN [5] and studies on thin films have also reported a Tc in the range of 250-370 K [7].  
Although III-V DMS bulk materials have been extensively studied and modelled, there have 
been very few reports of the synthesis of nanowires.  Rao and co-workers first reported the 
synthesis of III-V DMS nanowires [48] whereby they used single and multi-walled carbon 
nanotube bundles as templates within which crystalline Ga1-xMnxN nanowires were formed.  
Although extensive magnetic characterisation of these nanowires was not carried out they were 
found to be ferromagnetic with a Tc of approximately 325 K comparable to that obtained for thin 
films and predicted for bulk materials.  A coercivity as high as 1400 Oe for 5 % Mn doped 
nanowires having a mean diameter of 25 nm was observed, a value which is much higher than 
that reported for thin films (100-500 Oe) [7]. 
 
More recently, the magnetotransport properties of single crystalline Ga1-xMnxN nanowires have 
been reported [49,50].  Choi et al have used a nickel catalysed chloride transport CVD method to 
synthesise Ga1-xMnxN nanowires [49].  These nanowires had diameters in the range of 10-100 
nm with lengths of tens of micrometers.  The average Mn concentration was determined to be 7 
% and the Mn ions were found to be homogenously distributed within the nanowire lattice.  PL 
and electron energy loss spectroscopy (EELS) unambiguously proved that the Mn ions exist as 
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Mn2+ within the GaN lattice which is consistent with the Mn oxidation state observed in thin 
films of Ga1-xMnxN [51].  Coercive fields, as obtained from SQUID measurements, were 
observed to be 80 Oe at 5 K and 40 Oe at 300 K.  Additionally the Ga1-xMnxN nanowires 
exhibited a negative MR of 1.4 % at 2 K and 0.4 % at 250 K in an applied magnetic field of 9 T.  
A similar MR effect has been observed in Ga1-xMnxN thin films [52]. 
 
Han et al. have also reported ferromagnetic ordering at room temperature as well as a negative 
MR in single crystalline Ga1-xMnxN nanowires [50].  These nanowires were synthesised using a 
CVD method in the absence of a catalyst.  A coercivity of 100 Oe and a negative MR of 2.5 % at 
5 K was estimated for the nanowires synthesised using this technique.  The slightly higher MR 
and coercivity could be explained on the basis of size distribution of the nanowire diameter.  The 
diameters of the nanowires synthesised by Han et al. were in the range of 40-70 nm as compared 
to 10-100 nm for those reported by Choi et al.  The narrow size distribution may play a role in 
the enhanced coercivity, which increases by 25 % and MR which shows an increase of about 40 
%.  It is also possible that the different synthetic conditions used to grow the nanowires influence 
the magnetoresistive properties.  However, although an increase in MR and coercive field has 
been observed in both works, the MR transition temperature (TMR) was estimated to be 150 K 
[50] as compared to 250 K for that reported by Choi et al [49].  The decrease in TMR could be 
attributed to a smaller Mn content (5 %) in these nanowires.  Although some differences in 
magnetic properties of Ga1-xMnxN nanowires reported in ref [50] and [49] are observed, they 
could be easily explained on the basis of Mn concentration and size distribution.  However the 
observations of Deepak et al. [48] are dramatically different from those reported in ref [49] and 
[50].  A coercivity of 1400 Oe for 25 nm nanowires as reported by Deepak et al. seems 
extraordinarily high when compared to thin films and other Ga1-xMnxN nanowires.  The 
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nanowires in Ref. [48] which are synthesised in single-walled carbon nanotubes (SWNTs) 
templates have a very narrow size distribution (20-25 nm) but the ones synthesised in multi-
walled carbon nanotubes (MWNTs) have diameters in the range of 50-75 nm.  A high coercivity 
in the range 620-970 Oe for the nanowires synthesised within MWNT thus cannot be explained 
on the basis of size distribution.  It should be noted that the MWNTs and SWNTs used as 
templates for the synthesis of Ga1-xMnxN nanowires are in fact removable templates which are 
calcined during the course of nanowire formation due to the high temperature (950 oC) used in 
the synthesis, hence a small amount of co-doping with carbon cannot be entirely ruled out which 
might explain the increased coercivity observed in these nanowires.  An enhancement of 
magnetic properties as reflected by an increase in Tc has been observed in Ga1-xMnxAs thin films 
when co-doped with carbon [53].  Carbon was shown to occupy the arsenic site and act as a 
shallow acceptor thus increasing the carrier concentration.  It is possible that a similar 
mechanism leads to an increased coercivity in Ga1-xMnxN nanowires synthesised by Deepak et 
al. 
 
In order to determine the role of the carrier type and concentration Choi et al. [49] prepared a 
Ga1-xMnxN nanowire based field effect transistor (FET) structure.  A low resistivity of 1.1 x 10-2 
Ω cm along with a weak gating effect indicated a high carrier concentration within the Ga1-
xMnxN nanowires.  Further evidence for a high carrier concentration was provided by the carrier 
mobility which was estimated to be 70 cm2 V-1 s, which is low compared to that of thick films of 
Ga1-xMnxN [54].  A carrier concentration of 2 x 1019 cm-3 was estimated for these Ga1-xMnxN 
nanowires which is about 10 times lower than that assumed in the theoretical model for a room 
temperature Tc [5].  A decrease in conductivity with increasing gate voltage was observed from 
the I-V curves which suggested the presence of p-type carriers within the nanowires which 
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possibly indicates that in single crystalline Ga1-xMnxN nanowires holes are responsible for both 
charge transport and ferromagnetic interactions and which supports the Zener model of hole-
mediated room temperature ferromagnetism for Ga1-xMnxN [5].  A light-emitting diode (LED) 
structure based on Ga1-xMnxN nanowires was fabricated by growing these nanowires on a SiC 
substrate using a Ni catalyst [49], a schematic of which is shown in figure 5a.  Figure 5b shows 
the transport measurements from these nanowire based LEDs showing current rectification 
characteristic of p-n diodes.  Electroluminescence (EL) measurements showed an emission peak 
centred at 430 nm which was consistent with the PL of Ga1-xMnxN nanowires. 
 
Similarly Ga1-xMnxP nanowires, with diameters in the range of 10-100 nm, have been 
synthesised by a CVD process using Au nanoparticles as a catalyst [55].  Some of the nanowires 
exhibited a periodically bumpy surface morphology as can be clearly seen in figure 6a.  The 
nanowire growth direction was along the [111] plane with a number of defect lines along the 
same direction as illustrated in figure 6b.  It was observed that Mn was mainly concentrated in 
the outer layers of the nanowire.  The Mn content along the cross-section of the nanowire varied 
from 20 % in the outer layers to 1 % in the core as suggested by the elemental mapping of a 
cross section of an individual nanowire shown in figure 6c.  The higher amount of Mn in the 
outer layers was attributed to the relative lower solubility of Mn in the Au nanoparticles, as 
compared to Ga, resulting in the excess Mn vapour that cannot dissolve in Au to deposit as 
amorphous oxide layers.  SQUID measurements indicated the presence of soft ferromagnetism 
with a Tc of 330 K.  Although this transition temperature is higher that predicted for bulk p-type 
Ga1-xMnxP (Tc = 100 K) [5] it is comparable to that reported for GaP thin films (Tc ≈320 K) [56].  
Variations of the magnetic properties of the nanowires compared to the GaMnP thin films could 
be attributed to an inhomogeneous distribution of the Mn ions within the nanowires.  In the case 
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of Ga1-xMnxP thin films it was observed that increasing the Mn content from 3 % to 5 % causes a 
decrease of the magnetic ordering [56].  A detailed study of the magnetic properties of Ga1-
xMnxP nanowires with varying Mn content is required to confirm this explanation.  A negative 
MR of 5 % was observed in these nanowires at 20 K as compared to 0.35 % in case of Ga1-
xMnxP thin films.  The extraordinarily large MR value in the case of Ga1-xMnxP nanowires has 
been attributed to an efficient alignment of spins along the long axis of the nanowires.  However 
the contribution of amorphous Mn oxides present in the outer layers of the nanowires cannot be 
completely ruled out [57]. 
 
Group IV DMS nanowires 
As compared to II-VI and III-V DMS nanowires there have been very few reports of group IV 
nanowires.  This is rather surprising considering the importance of group IV materials such as Si 
and Ge in state of the art microelectronic applications.  At UCC and NPL we have reported the 
synthesis and ferromagnetic ordering at room temperature in Ge1-xMnx nanowire arrays within 
anodic aluminium oxide membranes (AAO) [58,59].  This is the first report of the synthesis of 
group IV DMS nanowires.  We have used a supercritical fluid (SCF) deposition method to 
fabricate high density arrays of Ge1-xMnx (x = 1-5 %) nanowires with diameters of 35, 50 and 60 
nm.  The SCF deposition method ensures complete filling of the porous AAO membranes due to 
the high diffusivity and low viscoscity of SCFs [60,61].  The presence of a crystalline host Ge 
lattice was confirmed by XRD while the local structural and chemical environment was probed 
using EXAFS and x-ray absorption near edge structure (XANES) measurements.  EXAFS results 
as shown in Table 1 suggested that Ge is surrounded by a shell of O atoms at a distance of 1.74 
Å which implies that the Ge atoms are anchored to O atoms on the AAO membrane.  The next 
nearest atoms to Ge were other Ge atoms at a bond distance of 2.44 Å, corresponding to the Ge-
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Ge bond distance in the Ge nanowires.  Mn atoms were surrounded by a shell of O atoms at a 
distance of 2.11 Å.  The next nearest neighbours for Mn was Ge at a distance of 3.03 Å.  The 
third nearest neighbour for Mn was also Ge at a distance of 4.06 Å.  It was thus shown that Mn is 
surrounded by O and Ge atoms rather than other Mn atoms which implies that Mn atoms are 
spatially separated from each other.  Although from the EXAFS data it was not possible to 
determine the precise position of Mn in the nanowire-AAO structure, it confirmed the absence of 
secondary phases of ferromagnetic alloys such as Ge3Mn5, Ge5Mn3 and Ge8Mn11.  XANES and 
x-ray photoelectron spectroscopy (XPS) strongly suggested that Mn exist predominantly in the 
+3 oxidation state.  Although single crystalline nanowires would possibly be desireable in order 
to minimizes both electron and spin scattering it should be noted that Ge1-xMnx nanowires 
obtained by the SCF method are polycrystalline in nature. 
 
Well pronounced room temperature ferromagnetic properties, i.e. strongly non-linear M(H) 
curves with a low field saturation and hysteresis, as well as a non-zero remanence magnetization 
and coercivty, were observed in nanowires having mean diameter of 35 nm at concentrations x ≥ 
1.5 %.  The magnetization saturation was of the order of Ms = 10-14 emu cm-3.  The smallest 
difference in the shape and saturation value of the room and low-temperature curves for the 
nanowires with x = 3 % possibly indicates that this sample has the highest Tc.  Both 
ferromagnetic and paramagnetic phases were observed in the nanowire at Mn concentration of 1 
%.  The concentration dependence of the coercive field revealed a maximum at a Mn 
concentration of 3 %.   Typically a coercivity of 30-60 Oe was observed for these nanowires 
depending on the Mn concentration.  The diamagnetic behaviour of the reference sample 
(undoped Ge nanowires) together with convincing structural results from EXAFS measurements 
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proves that the observed soft ferromagnetism originates from Mn ions diluted in the Ge matrix, 
i.e. Ge1-xMnx nanowires exhibit a DMS type of ferromagnetic ordering. 
 
The small diameters of the nanowires may cause substantial interfacial strain which leads to a 
distortion of the crystal lattice at the nanowire-AAO interface.  Such strain will unavoidably 
produce an increase of interfacial magnetic anisotropy which masks the magnetic properties of 
the system.  In order to investigate qualitatively the effect of the strain, Ge1-xMnx nanowires with 
a larger diameter, d = 60 nm, having a lower surface-volume ratio were studied.  The 
magnetization curves as shown in figure 7 are typical of a ferromagnetically ordered medium, 
i.e. saturated at Hs = 2-7 kOe, had a rectangular shape and large coercive field, Hc ≈ 600 Oe, 
even at room temperature.  The saturation magnetization decreased with increasing temperature 
and at room temperature reached only about 70 % of its initial low temperature value, while the 
overall type of the hysteresis curve still remained ferromagnetic.  The shape of the M vs. H 
curves was about the same in the temperature range T = 4-300 K, whereas it was less steep in the 
low and intermediate fields 0< H <4 kOe, at T=1.8 K.  Thus, reducing the interface related strain 
allowed us to readily observe room temperature ferromagnetism even at the lowest concentration 
of Mn. 
 
A Curie temperature above room temperature was observed in this study even at the lowest Mn 
concentration used for Ge1-xMnx (x = 1 %) nanowire arrays.  It should be noted, that, despite the 
relatively high growth temperatures used in the synthesis of the Ge1-xMnx nanowire arrays, T = 
773 K, [58,59] the SCF fabrication method allows the preparation of DMS materials which are 
free from undesirable phase separation and Mn clustering effects.  Although the formation of 
secondary phases is commonly observed in Ge1-xMnx films deposited by molecular beam epitaxy 
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(MBE) even at significantly lower temperatures, the structural analysis of our samples did not 
reveal the presence of any GeMn alloys at x<5%.  It is possible that the small nanowire 
diameters considerably reduce the probability of clustering.  A similar result was achieved in 
MBE grown samples by reducing the film thickness [62].   It could be argued that EXAFS 
measurements may not be sensitive enough to detect small particles of phase separated GeMn 
ferromagnetic alloys. However, ferromagnetic particles, if any, must be very small indeed to 
escape detection.  As ultrasmall particles would normally be expected to display 
superparamagnetic properties [63], they are unlikely to be responsible for the ferromagnetism 
observed in the Ge1-xMnx nanowire arrays samples.
 
In previous studies on Ge1-xMnx thin films [14], the oxidation state of the Mn in the Ge lattice 
was commonly observed to be +2.  Although a magnetic moment of 5 µB is expected for a Mn2+ 
ion in the substitutional site in a Ge lattice, electronic structure calculations [14] have shown the 
strong hybridization between d states of Mn and p states of Ge which causes the reduced value 
of the magnetic moment of about 3 µB per Mn atom.  It should be noted, that in our samples the 
majority of manganese atoms were in the ionized Mn3+ state which is characterized in its ground 
state (i.e. without taking into account of hybridization effects) by lower spin, S = 2, and reduced 
magnetic moment (4 µB per atom) compared with the Mn2+ state.  Although the loss of a d-
electron in this case should give rise to an orbital momentum, detailed calculations of the Mn3+ 
electronic structure in the Ge host are required in order to determine the total momentum of the 
Mn ions.  In the concentration range 1% ≤ x ≤ 3% the maximum saturation moment per Mn atom 
was about 1.8 µB at T = 1.8 K.  As temperature increases, the magnetic moment per Mn atom 
dropped to 1.0 µB at T = 300 K.  The result was in a good agreement with previous studies on 
Ge1-xMnx [14] and GaMnAs [64] thin film samples.  The observed low value of the magnetic 
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moment might be explained by a generally reduced moment of Mn3+ ions as well as some 
amount of Mn ions being in a magnetically inactive state.  Although EXAFS and XANES 
studies did not show manganese atoms in the next-neighbor positions, the formation of anti-
ferromagnetically coupled nearest-neighbour dimers cannot be entirely excluded within an 
uncertainty of the experimental technique.  In such a configuration magnetic moments of 
individual ions are mutually compensated and the dimer is magnetically neutral.  Thus, in this 
situation both Mn ions would appear magnetically inactive.  It should be noted that a significant 
change in the hybridization level between d-orbitals of Mn and p-orbitals of the Ge host might be 
typical for the ionized Mn3+ state.  In particularly, weaker hybridization will lead to a weaker 
coupling between Mn ions and holes which would make carriers less localized and favour 
longer-range interactions.  Overall, it may cause room temperature ferromagnetism as observed 
in Ge1-xMnx nanowires.  The main question arising from the experimental data is what makes the 
Curie temperature in Ge1-xMnx nanowires so high with respect to that of the bulk materials and 
films.  Generally, several theoretical models have been used to explain a concentration 
dependence of the Tc.  In particular, models based both on exchange interaction between carriers 
and localized spins [5] and using ab initio calculations [65] predicted a Tc much lower than we 
observe experimentally in Ge1-xMnx nanowires.  However, Park et al. [14] used a combination of 
electronic structure calculations based on a density-functional theory and a percolation approach 
to get a Tc = 300 K for x = 2 %.  Although the authors were not able to explain their own 
experimental results, it is the only approach which indicates a possibility of room temperature 
ferromagnetism in group-IV semiconductors.  As Ge1-xMnx is a p-type semiconductor, the hole 
concentration plays an essential role in the mediation of ferromagnetic ordering between 
localized spins of Mn atoms.  Recent work on p-type semiconductors showed that Tc could be 
increased up and beyond room temperature if the carrier concentration is significantly raised 
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[53,66].  It was shown that co-doping of GaAs:Mn by carbon leads to enhanced magnetic 
properties of the material, e.g. non-zero remanent magnetization was observed up to 280 K [53].  
As carbon-containing precursors (diphenylgermane and dimanganese decacarbonyl) were used 
during the nanowire fabrication, the possibility of carbon penetration into the nanowire and 
especially its presence at the interface is relatively high.  A hole-enriched Ge1-xMnx might 
demonstrate enhanced magnetic properties due to a co-doping effect in agreement with the 
references above.  Assuming the presence of co-dopant, the existence of single-phase 
ferromagnetic ordering at the lowest Mn concentration can also be attributed to a relatively high 
carrier density which only partly originates from Mn-doping.  As the presence of oxygen in Ge1-
xMnx nanowires was proved by EXAFS, its influence on the magnetic properties cannot be 
excluded.   It has been observed that in wide band GaN:Mn semiconductors addition of oxygen 
(8 %) leads to a significant enhancement of the magnetic moment [67].   In strongly confined 
Ge1-xMnx nanowires the surface volume ratio of atoms is significantly increased compare with 
thin films and bulk samples.  This ratio is even higher for the dopant atoms, as an enhanced Mn 
concentration in the nanowire shell was observed.  As the host lattice is distorted in the vicinity 
of the membrane, the symmetry of the Mn atom environment at the interface does not correspond 
to that in the inner part of the nanowire.  Thus, the AAO-nanowire interface should notably 
influence the electronic and magnetic properties of Mn at the nanowire shell and may lead to the 
high value of the Curie temperature.  Concentration dependence study reveals that the 
ferromagnetic behavior is most pronounced for samples with intermediate Mn concentration, x = 
1.5 and 3 %. This is consistent with results of others [14], where, despite an overall rather low 
Curie temperature, the maximum of Tc was reached at x = 3.5 %.  At the same time, D’Orazio et 
al. [62] demonstrated very similar concentration dependence with a maximum of magnetic 
performance at the intermediate concentration range followed by a total collapse of 
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ferromagnetism at x = 5.5 %.  These results are also consistent with earlier studies [14,65], 
where reduction of the pair exchange interaction with increasing concentrations of the Mn atoms 
was observed.  In the case of nanowires of small diameter and low Mn concentration 
ferromagnetic ordering is less likely in the nanowire core as Mn ions are spaced further apart.  
Thus, the central part of the nanowire is assumed to be paramagnetic due to localized magnetic 
ions, whereas a ferromagnetic ordering takes place in the narrow region at the border with the 
AAO membrane.  While in the nanowire core Mn ions are likely to occupy a substitutional 
position, the energy of formation both substitutional and interstitial defects is the same on the Ge 
interface [68].  In this case, the initially low concentration of carriers could be further decreased 
by Mn interstitial defects.  Such defects act as donors, compensating a fraction of the free holes.  
As either the concentration of Mn and carriers or the nanowires diameter increases, it becomes 
sufficient to overcome the reducing influence of interfacial defects. 
 
Generally the decrease of the Curie temperature with increasing mean concentration of dopants 
in thin films and bulk samples is believed to be connected with either the hole compensation 
effect or the clustering of dopants.  Thus, the observed high Tc suggests suppression of both 
mentioned effects in the nanowire geometry. 
 
The synthesis Ge1-xMnx nanowires, as small as 5 nm in diameter have recently been reported 
[69].  These nanowires were synthesized using a CVD method with Au nanopartciles acting as 
nucleating centres.  Although extensive magnetic characterisation of these nanowires is required, 
their magnetic properties might throw light on the possible magnetic interactions taking place in 





The fabrication of practical spintronic devices based on DMS nanowires would require 1) 
available spin polarised carriers at room temperature; 2) compatibility with conventional CMOS 
technology; 3) ferromagnetism which is electrically tunable, i.e. interaction of electrical carriers 
with magnetic subsystem; 4) high carrier mobility; 5) retention of semiconducting properties.  
Although a majority of studies on DMS materials have focussed on thin films and bulk materials 
significant progress has been made towards the synthesis of DMS nanowires.  However synthetic 
approaches such as systematic co-doping with either non-magnetic or magnetic ions which have 
yielded interesting properties in bulk DMS materials have not yet been employed in the synthesis 
of DMS nanowires.  It would be possible to vary carrier concentration in the system without 
disturbing the magnetic ion concentration by doping with a non-magnetic ion such as carbon and 
boron while co-doping using two different elements such as Mn and Co in the Ge host, which 
can compensate for the effects of lattice strain caused by the doping species may eventually lead 
to highly doped magneto-electronic materials.  Investigation of magnetotransport and 
magnetoresistive properties is critical if DMS nanowires are to be incorporated into devices. 
However, with the exception of Ga1-xMnxN nanowires very little is known about 
magnetotransport properties of DMS nanowires.  Although extensive magnetic and 
magnetoresistive characterisation has been carried out on Ga1-xMnxN nanowires, the 
measurements have been performed on individual nanowires rather than nanowire arrays which 
are required for a large-scale device fabrication.  Even though measurements of 
magnetotransport properties of arrays may pose significant challenges related to the electrical 
contact to the DMS nanowires, recent progress in contacting semiconductor nanowires [60] 




The incorporation of DMS nanowires within practical devices is as yet not realised although 
there have been some successful attempts to fabricate FET devices using DMS nanowires such 
as Ti1-xCoxO2, Ga1-xMnxN and ZnO/Zn1-xCoxO. 
 
The fabrication of DMS nanowires having the desirable properties listed above may lead to a 
range of devices such as high density magnetic memories, LED and FET based on DMS 
nanowires, optical devices such as diodes and displays which can be operated by a magnetic 
field as well as spin-injection devices e.g. amplifier, a frequency multiplier and a square-law 
detector based on 1D heterostructures [70].  Thus, for spintronics applications it is very 
advantageous to combine the desirable magnetic properties of DMS materials with a low 
dimensionality of nanowires.  Such synergy provides both nanoscale lateral dimensions, which 
are extremely beneficial for miniaturization of devices, and alternation (often enhancement) of 
physical properties due to strong confinement effect and shape anisotropy. 
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Figure 1.  Atomic-resolved TEM image of Cd0.7Mn0.3S nanowires grown in the a) [011] and b) 
[010] growth directions.  Reproduced with permission from J. Phys. Chem B, 110, 







Figure 2.  EDX line scans for the nanowire shown in the inset, with Cd, S, and Mn data plotted 
as red dots, yellow crosses, and green dots, respectively. The red and green solid lines 
through the data are fits to the experimental data for Cd and Mn, respectively.  
Reproduced with permission from Nano Lett. 5, 1407 (2005).  Copyright 2005, 






Figure 3.  SEM images of the Zn1-xMnxS nanowires obtained from different Zn:Mn ratios.  a) 
Zn/Mn = 4/1 b) Zn/Mn = 8/3 c) Zn/Mn = 2/1.  Reproduced with permission from Adv. 





Figure 4.  A suspended Co-doped TiO2 nanowire junction between Nb electrodes.  Inset figure 
represents the suspended moleculer template junction before fabrication of Co-doped 
TiO2 nanowire.  Reproduced with permission from Appl. Phys. Lett. 86, 033110 











Figure 5.  a) Schematic illustration of the LED structures.  To avoid mechanical faliure in the 
measurements, TaOx film was deposited in a small area and metal (Ni/Au) was then 
evaporated on the nanowire tips through a shadow mask, resulting in a continious 
contact layer on the nanowires and TaOx insulator.  Measurements were carried out by 
probe contact on the metal layer above the TaOx layer.  b) I-V behaviour of n-SiC 
substrate/ Ga1-xMnxN nanowire junction.  Reproduced with permission from Adv. 


















Figure 6.  a) Detailed feature of a bumpy Mn doped GaP nanowire and its b) atomic-resolved 
HVEM image showing a number of defect lines along the [111] direction. c) 
elemental mapping cross-section showing that Mn and O concentrations at the outer 
layers.  The corresponding STEM imageis shown in the inset.  Reproduced with 
























Figure 7.  Hysteresis curves of Ge0.99Mn0.01 nanowires of diameter 60 nm.  Reproduced with 





Sample T1 R1 (Å)  T2 R2 (Å) T3 R3 (Å) 
Ge K-edge 
Ge1-xMnx 
O 1.746  ± 
0.004 





O 2.117  ± 
0.008 
Ge 3.042 ± 
0.021 








Table 1.  Fitted data for Ge and Mn K edge EXAFS measurements of Ge0.99Mn0.01 and 
Ge0.99Mn0.01 nanowire arrays. T1, T2 and T3 represent the atom that best fits the 
EXAFS data. R1, R2 and R3 are the corresponding distances from the central atom.  
Reproduced with permission from Chem. Mater. 17, 3615 (2005).  Copyright 2005, 
American Chemical Society. 
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